An inversion algorithm for extracting suspended sand size and concentration from simultaneous backscattered acoustic pressure amplitude at three operating frequencies is presented. The algorithm is based on the differences in signal amplitude between different frequency pairs, and is tested using laboratory measurements of multifrequency backscatter from a turbulent sediment-carrying jet. Concentration and size profiles inverted from field and laboratory data are compared with results from a previously developed algorithm based on signal ratios. The difference inversion scheme is less sensitive to errors arising from low signal levels, allowing the size/concentration measurement range to be extended to regions of lower concentration. The concentrations from the field data agree well with independent optically determined estimates. The results demonstrate sensitivity to the backscatter form factor.
INTRODUCTION
Acoustic imaging has proven effective for monitoring suspended sediment in the nearshore zone. 1-7 This is a particularly demanding environment, requiring nonintrusive apparatus, high temporal and spatial resolution, and equipment of robust construction. Single-frequency acoustic methods have been successful, but have shortcomings that are inherent in the dual dependence of the backscattered signal on the concentration and size of the scatterers. 3'4'7 Multifrequency techniques offer the possibility of measuring particle size simultaneously with concentration at fixed points, or as a function of range. Determination of particle size is relevant to the dynamics of sediment suspension, but measurement of size has not been common in the context of nearshore sediment studies. 8 '9 Previous work •ø'• with the multifrequency RAS-TRAN (Remote Acoustic Sediment TRANsport measurement) system led to an inversion method for extraction of sand size and concentration from the multifrequency backscatter data. This so-called ratio algorithm •ø'• matches ratios of measured signal levels to precalculated theoretical values which are a function of size. A primary failing of this algorithmSø is that at low scatterer concentrations, low TABLE I. Size distribution parameters for natural sand used in laboratory experiments. ds0 is the median diameter by weight and d16 and d84 are the diameters of the 16th and 84th percentile in the cumulative size distribution: rrg is the width of the log-normal size distribution. 
A RASTRAN data file consists of a series of sets (typ-(b) ically 200 for a laboratory run and 2600 for a field run).
Each set contains the four-ping, ensemble-averaged, profiles for each of the frequency channels. Each four-ping ensemble profile is subdivided into bins representing range dependence. In preprocessing, small differences in the distance-to-bottom, or distance-to-jet-center, between the transducer units are corrected numerically by shifting the entries in the respective channels by the appropriate number of range bins. Averaging is an important aspect of the signal preprocessing, and will be discussed later. Background level, removed from the raw voltage data, is determined by averaging 50 "quiet" profiles from time periods when suspended sediment concentrations are negligible or, in the laboratory, from a run with no sand in the recirculating system.
II. THEORY
The following section contains a brief discussion of the theory of acoustic backscatter detection systems. More detailed  versions  of  this  treatment  can  be  found elsewhere. 1ø'13 Consider a pulsed monostatic system detecting acoustic pressure which has been backscattered from objects in the path of the transmitted beam. Assume that the scatterers are randomly and homogeneously distributed across the detected volume defined by the main lobe of the transducer beam and ro+ cr/4, where c is the sound speed and r is the pulse length. Acoustic waves returning to the transducer are assumed to be incoherent from pulse to pulse. Assuming dilute scatterers with density p•, then the mean-squared voltage returned is given by 
where $M is an empirically determined system sensitivity constant, I foo I is the far-field backscattering form factor to fit experimental form factor data for natural sand grains. Comparison between inverted results using the two approximations to the backscattering form factor has been made using a calculation neglecting the scattering attenuation correction. The effect of attenuation, increasing with scatterer concentration, is clearly evident in Fig. 6(a) . as ten sets. The standard deviation in concentration is less than 20% of the mean with this amount of preaveraging. As mentioned earlier, the concentration field in the jet contains large real turbulent fluctuations, whereas the widths of the sieved sand size distributions are narrow. Larger variability in the concentration estimates is therefore to be expected. The size and concentration estimates presented earlier were computed from voltage data to which a five-set running average was applied. Figure 7 shows the standard deviation in this case to be typically about 15% in diameter, and 25% in concentration.
Concentrations obtained using

V. FIELD RESULTS
Comparison of inverted field data will be made with results obtained using the ratio algorithm and with OBS data, and using both approximations to the backscatter form factor.
A. Comparison of inverted concentrations with OBS measurements
Voltage data from the field experiments were averaged over a 1.1-s (seven-set) interval to reduce fluctuations in Table IV The elastic sphere calculations show a large shift in the position of the first resonance, the oblate-prolate mode, from below X= 7 for quartz to above X= 8 for garnet. This shift is sensitive mainly to the shear velocity of the material. 3ø The measurements for sand lie well below the resonance, for both materials (Fig. 2) . The measurements do not exhibit the oscillations predicted by spherical scatterer theory in the region below the first resonance, except in the vicinity of X= 1. The amplitude of the X= 1 peak is due in part to the motion of the scatterer about its center of mass, 17'18 and therefore depends on the bulk density of the scatterer relative to the medium. This is illustrate;:l in Fig.   12 (b), which shows the form factor computed for rigid spheres with infinite density (the immovable case), and with the densities of quartz and garnet. In the region X• 1, there is a difference of up to 25% between the quartz and garnet curves. According to the results of the previous section, this difference is enough to significantly affect the concentration estimates. This suggests that variations in grain density may need to be taken into account in some The difference algorithm, as implemented here, does not take into account the particle size distribution. The estimates of mean size are weighted by the product of the backscatter cross section and the size spectral density, and will therefore differ from the true mean. We have assumed that this difference is not large, provided the sand size distribution is well behaved, i.e., not bimodal, and not too broad. The consistency of the size estimates with the bottom sediment median size supports this assumption. The assumption of a single dominant size was also necessary for practical reasons. Computation time is already long (the current version of the algorithm takes 1 h on a workstation to process a 2600-set run), and would be significantly in-
VI. CONCLUSIONS
Comparison of inverted and measured laboratory data shows that the inversion algorithm is reasonably accurate over the range of particle sizes used in the experiments (98-to 463-pm diameter) at concentrations up to 10 g/liter. A significant result arising from the examination of the laboratory data is the identification of a large overcorrection by the scattering attenuation term at high concentrations, although this does not impair the usefulness of the algorithm with the field data. Future implementation of another frequency less sensitive to scattering attenuation, i.e., below 5 MHz, would be advantageous.
A goal of this work has been to develop an alternate method of inverting backscatter data which is less sensitive to low signal levels than the ratio technique. The half-houraveraged profiles shown in Fig. 9 demonstrate that this has been accomplished. The inverted vertical profiles from the field data extend farther from the bottom into regions of lower concentration. As well, the standard error in size is less than 7% through most of this range. In general, this error is less than for similar profiles from the ratio algorithm, and the region of lower standard error extends over a larger vertical range.
The differences in the inverted results using two fits to the backscattering form factor data show that estimates of size and concentration can be sensitive to small differences in this parameter. For the particular case discussed, with sand of diameter 170 pm, an approximately 10% difference between the two form factors (at 2.25 and 5 MHz) results in an 8% difference in the estimated size, and a 25% difference in the estimated concentration.
